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SARAThe Notch signalling pathway is widely utilised during embryogenesis in situations where cell–cell interactions
are important for cell fate speciﬁcation and differentiation. DSL ligand endocytosis into the ligand-expressing
cell is an important aspect of Notch signalling because it is thought to supply the force needed to separate the
Notch heterodimer to initiate signal transduction. A functional role for receptor endocytosis during Notch signal
transduction is more controversial. Here we have used live-cell imaging to examine trafﬁcking of the Notch1
receptor in response to ligand binding. Contactwith cells expressing ligands induced internalisation and intracel-
lular trafﬁcking of Notch1. Notch1 endocytosis was accompanied by transendocytosis of ligand into the Notch1-
expressing signal-receiving cell. Ligand caused Notch1 endocytosis into SARA-positive endosomes in a manner
dependent on clathrin and dynamin function. Moreover, inhibition of endocytosis in the receptor-expressing
cell impaired ligand-induced Notch1 signalling. Our ﬁndings resolve conﬂicting observations from mammalian
andDrosophila studies by demonstrating that ligand-dependent activation of Notch1 signalling requires receptor
endocytosis. Endocytosis of Notch1 may provide a force on the ligand:receptor complex that is important for
potent signal transduction.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Signalling via the Notch receptors is conserved and utilised in meta-
zoans for communication between cells in contact. The Notch pathway
is critical for diverse developmental processes as well as homeostasis
in the adult. While the core pathway appears simple, Notch signalling
is regulated at every step. Receptor trafﬁcking during its maturation,
cell surface presentation, endocytosis and recycling to the cell surface
is also integral to cell surface signalling cascades like theNotch pathway.
Notch maturation requires that the receptor is correctly folded, proc-
essed, modiﬁed, trafﬁcked and presented on the cell surface; these
are all critical for ligand-dependent receptor activation [1]. Although
trafﬁcking and endocytosis of Notch1 are intimately linked to signal
transduction,we do not understandwhat regulates these processes. En-
docytosis is required in both ligand-expressing and receptor-expressing
cells [2]. While the need for ligand endocytosis is well described and
mostly understood, how receptor endocytosis plays a role in signalling
in the Notch expressing cell is less clear.ll Biology Division, Victor Chang
, Sydney, NSW 2010, Australia.
apman).Notch on signal-receiving cells is activated upon interaction with
DSL ligands expressed on the surface of neighbouring (signal-sending)
cells. The Notch receptors (Notch1–4 in mammals) are synthesised as
a single polypeptide. In signal-receiving cells Notch undergoes S1 cleav-
age by a Furin-like convertase in the trans-Golgi network to produce a
non-covalently linked heterodimer of the extracellular domain (EC)
with the transmembrane and intracellular domains (TMIC) [3,4].
Heterodimeric Notch is presented on the cell surface and interacts
with ligand on signal-sending cells [3,5,6]. Ligand–receptor interaction
triggers canonical Notch signalling with exposure of the receptor's
S2-cleavage site to Adam10 metalloprotease [7–11]. Consequently
Notch EC is shed and the remaining transmembrane portion of the
Notch heterodimer, the Notch extracellular truncation (NEXT), is
S3 cleaved by γ-secretase within the transmembrane domain, re-
leasing the intracellular domain (NICD) into the cytoplasm [8,12,
13]. NICD translocates to the nucleus where it interacts with the
transcription factor CSL, causing the release of co-repressors and re-
cruitment of co-activators, thereby activating transcription of Notch
target genes [12,14–17].
Endocytosis was ﬁrst linked with Notch signalling when Drosophila
shibire mutations in dynamin exhibited excessive neural cells that
phenocopy Notch mutants [18–20]. We also know that DSL ligand
endocytosis is necessary for S2-cleavage of Notch [9,21]. Ligand endocy-
tosis into the signal-sending cell is either required to render ligand
167G. Chapman et al. / Biochimica et Biophysica Acta 1863 (2016) 166–177competent to transduce a signal, or to provide the mechanical force
needed to initiate signalling [22]. The latter model is more likely since
the Dll1:Notch1 interaction elicits a cell-mediated force that depends
on endocytosis [23]. This force is predicted to expose the S2-cleavage
site of the Notch receptor [21,22,24,25]. Indeed, application of force
unfolds the Notch2 negative regulatory region and exposes the S2 site
to cleavage [26].
In contrast to ligand endocytosis in the signal-sending cell, the role
of receptor endocytosis in the signal-receiving cell is less clear and is
complicated by discordant ﬁndings [27,28]. When Notch is activated
by ligand in Drosophila, dynamin is required in signal-receiving as well
as signal-sending cells [2]. Endocytosis is not required for signalling by
constitutively active Drosophila Notch lacking the extracellular domain
(Notch ΔE), suggesting that endocytosis is required before S3-cleavage
by γ-secretase [29]. This agrees with ﬁndings in mammalian cell
culture, where signalling by Notch1 ΔE was unaffected by inhibition of
endocytosis [30]. However, others provide evidence that inhibition
of endocytosis by dominant negative Eps15 or dynamin abrogates
Notch1 ΔE signalling [31]. In this study Notch1 ΔE endocytosis and its
subsequent γ-secretase cleavage were found to be dependent on
ubiquitylation of a membrane-proximal lysine residue [31]. Therefore a
possible mechanism explaining the need for Notch endocytosis is that
γ-secretase cleavage occurs in the late endocytic compartment. Evidence
against such a model are observations that a cell-impermeable γ-
secretase inhibitor blocks Notch1 ΔE cleavage [32], and that dominant
negative dynamin1 does not [30]. Given such conﬂicting results, it is
still not clear if receptor endocytosis is required for signalling inmamma-
lian cells.
Such negative ﬁndings may be linked to the use of constitutive
active Notch receptors that signal in the absence of ligand binding.
This approach has given an incomplete, and in some cases an inac-
curate view of Notch signalling [7,8,10]. In the case of endocytosis,
studies using constitutively active Notch1 have yielded incongru-
ent results [30,31]. Despite this, studies in mammals utilising the
complete receptor have been sparse. In the absence of ligand bind-
ing, Notch1 is known to be constitutively endocytosed and either
recycled to the plasma membrane or degraded [33,34]. By contrast,
little is known about endocytosis of the Notch1 receptor in the
presence of ligand binding. Here we have used ligand cells co-
cultured with receptor cells to activate Notch1 signalling, in combi-
nation with live-cell imaging, to examine Notch1 trafﬁcking in a
context that most closely resembles the situation in vivo. We reveal
the dynamics of Notch1 trafﬁcking in mammalian cells in response
to ligand.
2. Materials and methods
2.1. Plasmids
Notch1 was gateway-cloned from Notch1 pEntr2B into pCAG-GFP-
iPuro and pCAG-HA-iPuro to create pCAG-Notch1GFP-iPuro and
pCAG-Notch1HA-iPuro. Wildtype and K44A dynamin2-Ruby were gen-
erated by cloning HindIII/EcoRI dynamin2 fragments from dynamin2-
GFP [35] into pmRubyN1. The C-terminal portion of Snap91 was
PCR-ampliﬁed from IMAGE clone 4511467 using primers 5′-TATA
TGAATTCAACCATGGACATATTTGCAACAGCATC-3′ and 5′-TATATGAA
TTCACCAAGAAATCCTTGATGTTAAG-3′, cloned into pEntr2B then
gateway-cloned into Ruby pCMX. The Golgi targeting sequence from
β-1,4-galactosyltransferase1 was removed from Golgi-TQ2 (Addgene
#36,205, [36]) as a SacI/BamHI fragment and cloned into pmRubyN1
to create Golgi-Ruby. hSARA was tagged with mRuby by cloning a
SalI/SmaI fragment from pCMV5B-FLAG-SARA (Addgene #11,738,
[37]) into pmRuby-C1. Dll1-Fc pCMX was created by PCR-amplifying
the Dll1 EC using primers 5′-ATATGGATCCGGTACCATGGGCCGTC-3′
and 5′-ATATGGATCCTGGCTCTCCATATGCC-3′, cloning it into Fc-
pEntr2B then gateway-cloning into pCMX. The Jag1 EC from Jag1-FcpCDM7B was cloned into Fc-pEntr2B and then gateway-cloned into
pCMX creating Jag1-Fc pCMX. The Ig kappa-chain V-J2-C signal peptide
was ampliﬁed from pSecTag2A with primers 5′-TATAGGATCCACCATG
GAGACAGACA-3′ and 5′-GAGTGGATCCGAGCTCG-3′ and cloned into
Fc-pEntr2B then gateway-cloned into pCMX to create SecFc pCMX.
The K1749R mutation was added to N1GFP by site-directed mutagene-
sis using primers 5′-GGGTGCTGCTGTCCCGTCGACGCCGGCGGCAGC-3′
and 5′-GCTGCCGCCGGCGCTTGCGGGACAGCAGCACCC-3′.
2.2. Cell culture and generation of stable cell lines
C2C12, NIH3T3 and HEK293T cells were obtained from the ATCC
and maintained in DMEMmedium containing 10% FCS in a humidiﬁed
incubator at 37 °C and 5% CO2. C2C12 cells stably expressing HA
or GFP-tagged mouse Notch1 (N1HA or N1GFP cells, respectively)
were generated by transfection of pCAG-Notch1HA-iPuro or pCAG-
Notch1GFP-iPuro and selection in 1.5 μg/ml puromycin for 10 days.
Isolated cell clones were picked, expanded and analysed for protein
expression by immunoﬂuorescence and immunoblotting.
2.3. Co-cultures and live-cell imaging
Live-cell imaging was carried out by ﬁrst seeding N1GFP cells onto
30 mm round coverslips. The following day coverslips were mounted
in a POCmini live imaging apparatus on an inverted 7Duo Confocal
microscope (Zeiss). For co-cultures Jag1, Dll1 or control cells, which
are stably transfected with empty vector, were trypsinised, mixed
with 9ml of media and counted. Cells were centrifuged and resuspend-
ed in phenol red-free media at 1 × 106 cells/ml. Imaging was initiated
upon the injection 800 μl of cells. Cells were pretreated with chemicals
DAPT (4 μM; Merck) or batimastat (10 μM; Sigma) for 1 h prior to co-
culture. The pinhole was opened to ~1.3 airy units at a resolution of
1024 × 1024 pixels with 2× or 4× line averaging using line laser
switching. A z-stack of 3 slices were taken every 10–30 s. Stacks were
maximum intensity projected in Zen (Zeiss) and scale bars and time
stamps added in ImageJ. Large datasets were shortened to 1 h and
every second or third frame was removed in ImageJ, saved as a movie
then compressed. For biochemical analysis, N1HA cells were seeded at
6 × 105 cells per 60mmplate. The following day 4 × 106 Jag1 or control
cells were added per plate and co-cultured for the indicated times and
then harvested.
2.4. Immunoﬂuorescence and antibody internalisation assay
Cells were ﬁxed for 4% paraformaldehyde for 15 min on ice, washed
twice for 5 min in 150 mM glycine then permeabilised for 30 min in
block (0.25% porcine gelatin, 0.01% saponin, 1 mM MgCl2, 0.1 mM
CaCl2 in PBS). Primary antibodies were diluted in block and applied to
coverslips for 1 h. Coverslips were washed for 10 min three times in
block then incubated with secondary antibody for 45–60 min. Cover-
slipswerewashed three times thenmounted in ProLongGoldmounting
medium (Life Technologies). Primary antibodies used include anti-EEA1
(C45B10, 1:200), anti-Rab5 (C8B1, 1:200), and anti-cleaved Notch1
(D3B8, 1:1000) from Cell Signaling and anti-myc (9E10, 1:250, DSHB),
anti-Dll1 (1F9, 1:20, [38]), anti-Notch1 IC (M20, 1:50, Santa Cruz) and
anti-Notch1 EC (HMN1-12, 1:250, Biolegend). Fluorescence from
Alexa-488, Cy3, RRX, Cy5 and 647 conjugates to Donkey secondary
antibodies (1:1000, Jackson) and eGFP and mRuby were collected
using a confocal microscope (Zeiss 710 AxioObserver inverted Z1)
equippedwith a plan-Apochromat 63×NA1.4 objective. Unless indicat-
ed, images are single scans taken at optimal pinhole for one channel
and other channels adjusted to match optical section thickness. Images
were acquired at 1024 × 1024 pixels with 4× averaging with scan time
of 15–30 s. Laser, gain and offsets settings were adjusted so that only a
few pixels were off-scale or zero. Figures were assembled using Illustra-
tor (Adobe). Wholemount immunoﬂuorescence on ﬁxed embryos was
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were carried out as follows. N1HA cells attached to coverslips were
placed in cold block (10% FCS, 0.25% gelatin, 25 mM HEPES in DMEM).
Anti-Notch1 EC (HMN1-12, 1:250, Biolegend) was added at 4 °C
for 1 h followed by extensive washing at 4 °C in block. Jag1 cells
or control cells were added and the co-cultures returned to 37 °C
for 0, 10, 20 or 30 min. The cells were transferred to cold anti-
armenian hamster Alexa-488 (1:1000, Jackson) for 1 h. After wash-
ing in block at 4 °C cells were ﬁxed and permeabilised as described
above and stained to detect Jagged1 with anti-myc (9E10, 1:250,
DSHB) for 1 h. Following washing, bound antibody was detected
using anti-mouse Alexa 647 (1:1000, Jackson) and internalised anti-
body labelled Notch1 was detected with anti-armenian hamster RRX
(1:1000, Jackson).
Surface staining and internalisation assays were carried out using
E9.5 C57BL/6 J mouse embryos. Animal experiments were performed
in accordance with the relevant institutional and national guidelines
and regulations with the approval of the Garvan Institute of Medical
Research/St. Vincent's Animal Experimentation Ethics Committee,
Sydney, Australia (approval number 12/33). Embryo tails weremounted
in 2.5% low melting point agarose and cut into 150 μm sections using a
VT1000s vibratome (Leica). Sectionswere cultured for 30min at temper-
atures indicated in 1 ml of 10% FCS, 25 mM HEPES in DMEM with anti-
Dll1 (1F9, 1:20, [38]) and anti-Notch1 (HMN1-12, 1:250, Biolegend).
Sections were ﬁxed in 4% PFA for 3 h on ice, rinsed twice in PBS then
taken through a methanol series to 70% methanol in 1 min washes.
DMSO was added to ﬁnal concentration of 17% for 5 min. Tail sections
were taken back through a methanol series to 0.1% Triton X-100 in PBS
and then into block (10% donkey serum, 5% BSA, 0.3% Triton X-100 in
PBS) for 20 min. Anti-rat Cy5 and Anti-armenian hamster RRX (both
1:1000) were added for 1 h with rocking at room temperature. Samples
were washed three times in 0.1% Triton X-100 in PBS, 10 min each wash
and mounted.2.5. Biotinylation and immunoblotting
Biotinylation was performed using 1 mg/ml Sulfo-NHS-SS-biotin
(Pierce) as described previously [39]. Immunoblots were carried out
under standard conditions with the following antibodies: anti-HA
(16B12, 1:1000, Covance), anti-myc (9E10, 1:250, DSHB), and anti-β-
tubulin (TUB 2.1, 1:10,000, Sigma) followed with the appropriate
Alexa-680 (1:20,000, Life Technologies) or HRP (1:20,000, Jackson)
secondary antibodies. Immunoblot detection of cleaved Notch1 was
performed with anti-cleaved Notch1 (D3B8, 1:1000, Cell Signaling)
using the Western Breeze kit (Life Technologies). Blots were either
scanned on an Odyssey scanner (Licor) or exposed to x-ray ﬁlm
then scanned using a Fujiﬁlm FLA-5100 scanner. Band intensities
were determined using GelAnalyzer (Lazar). Data were natural
logarithm-transformed and analysed by paired two-tailed Student's
t test using Prism (GraphPad).2.6. Conditioned medium, bead puriﬁcation and dynasore treatment
HEK293T cells transfected with Fc constructs were transferred into
DMEM and cultured for 5 days. Conditioned medium was incubated
overnight at 4 °C with 50 μl Protein-G dynabeads (Life Technologies).
Beads were washed twice in PBS, resuspended in PBS and counted on
a haemocytometer. N1HA cells were cultured in DMEM in 6-well plates
for 30 min in 80 μM of dynasore (Sigma) or vehicle (DMSO) prior to
addition of 4 × 107 coated beads. After incubation at 37 °C for 90 min
the cells were washed in PBS, lysed in WCE (20 mM HEPES, pH 7.8,
420 mM NaCl, 0.5% NP-40, 25% glycerol, 0.2 mM EDTA, 1.5 mMMgCl2,
1 mM PMSF, and ultra protease inhibitors (Roche)) and analysed by
immunoblot.3. Results
3.1. Notch1 clusters on the cell surface and is internalised in a
ligand-dependent manner
Several reports indicate that Notch1 clusters on the cell surface upon
contact with cells expressing DSL ligands [9,40,41]. In Drosophila such
clusters have been reported to be internalised [41] but their fate is
unknown. We have taken a live-cell imaging approach to track the
formation and destination of Notch1 clusters as signalling proceeds,
imaging GFP fused to the C-terminus of Notch1. We ﬁrst created
a C2C12 cell line stably expressing the Notch1–GFP fusion (N1GFP
cells) and validated its signalling behaviour. γ-Secretase cleavage of
Notch1–GFP, detected with the cleaved Notch1 antibody, was induced
upon co-culture of N1GFP cells with 3T3 cells overexpressing Jagged1
(Jag1 cells) or Delta-like 1 (Dll1 cells) but not control cells (Fig. 1A,
not shown). Ligand-mediated NICD production from Notch1–GFP was
inhibited by the γ-secretase inhibitor DAPT (Fig. 1A–C). We then
visualised Notch1–GFP in response to co-culture with Jag1 or Dll1
cells. Notch1–GFP clustered on the cell surface at sites of contact with
ligand-expressing cells (Fig. 1D arrows; Supplementary Movie 1).
Clusters were discrete, rather than being spread uniformly at all points
of contact between ligand and receptor cells, consistent with previous
observations [9,40]. In many instances Notch1–GFP clusters were
internalised into the N1GFP cells (Fig. 1D arrowheads; Supplementary
Movie 1). Similar results were observed when N1GFP cells were co-
cultured with Dll1 cells but not with control cells (not shown). Thus
clustering of the Notch1 receptor occurs on the cell surface following
contact with ligand-expressing cells. These clusters are then internalised
into the N1GFP cells.
We expected Notch1 to be lost from the cell surface as a con-
sequence of its ligand-induced internalisation. To conﬁrm this, we
quantiﬁed surface Notch1 following co-culture of C2C12 cells stably
expressing HA-tagged Notch1 (N1HA cells) with Jag1 cells or control
cells. Cell surface proteinswere biotinylated, puriﬁed using streptavidin
beads and the amount of biotinylated Notch1 quantiﬁed by immuno-
blot. Co-culture with Jag1 cells for 45 min or longer decreased surface
levels of Notch1 compared to control cell co-culture (Fig. 1E,F). Inhibi-
tion of the Notch cleavage cascade with the metalloprotease inhibitor
batimastat did not abrogate Jag1-induced loss of cell surface Notch1,
indicating that signal-associated cleavages are not responsible for loss
of Notch1 from the cell surface (see Fig. 3A). ThusNotch1 receptors clus-
ter on the cell surface in response to contact with ligand-expressing
cells, and are then lost from the cell surface due to internalisation.
3.2. Ligand-induced internalisation of Notch1 occurs via clathrin-mediated
endocytosis
Clathrin-mediated endocytosis (CME) is the major endocytic route
in the cell and is implicated in the endocytosis of Notch1 in the absence
of ligand binding [31]. Dynamin is recruited to sites of clathrin-
coated pit formation, therefore to determine if ligand-induced Notch1
internalisation occurred via CME, we ﬁrst examined if dynamin co-
localisedwithNotch1 upon contact with ligand. N1GFP cells transfected
with Ruby-tagged dynamin2 (Dyn2-Ruby) were co-cultured with
Jag1 cells and imaged. Dyn2-Ruby expression had no effect on the for-
mation of Notch1–GFP clusters on the cell surface and Dyn2-Ruby did
not co-localise with Notch1–GFP clusters as they formed (Fig. 2A;
Supplementary Movie 2). However, Dyn2-Ruby was recruited to sites
of Notch1–GFP clusters as they began to be internalised (Fig. 2A arrows;
Supplementary Movie 2). Dyn2-Ruby was only found at Notch1–GFP
clusters transiently (Supplementary Movie 3), consistent with the
short lifetimeof dynamin2 at clathrin-coated pits [42]. Dynamin recruit-
ment depends on contact with ligand because Dyn2-Ruby was not
recruited to sites of contact between N1GFP cells and control cells
(Supplementary Movie 4). We next repeated the experiment with a
Fig. 1. Ligand induces internalisation of Notch1 clusters. (A)γ-Secretase cleavage ofNotch1–GFP induced by Jag1 cell co-culture. Immunoblot detection of cleavedNotch1 upon co-culture
with Jag1 (+J1) or control cells (+C) and in the presence of the γ-secretase inhibitor DAPT (4 μM). (B) Nuclear cleaved Notch1 reactivity is induced in N1GFP cells upon co-culture with
Dll1-expressingNIH3T3 cells. (C) CleavedNotch1 reactivity inN1GFP cells induced byDll1 is prevented byDAPT (1 μM). (D) Frames from live-cell imaging of N1GFP cells co-culturedwith
Jag1 cells (Supplementary Movie 1). Notch1–GFP clusters upon contact with ligand cells (arrows). Notch1–GFP clusters are internalised (arrowheads). Time since the start of imaging is
indicated. (E) Cell surface levels of Notch1 decrease upon co-culture with Jag1 cells. N1HA cells were co-culturedwith control or Jag1 cells for times indicated prior to biotinylation of cell
surface proteins. Surface proteins were pulled down with streptavidin beads and immunoblotted to detect Notch1 (anti-HA) and Jagged1 (anti-myc). (F) Quantiﬁcation of cell surface
Notch1 levels shown in E. Ratio of cell surface Notch1 levels upon Jag1- versus control cell co-culture normalised to that of N1HA cells cultured alone. Error bars represent s.e.m. from
4 independent experiments. *represents P values of 0.04, 0.0408 and 0.0165 for comparisons between the 30 min timepoint and 45, 60 and 90 min, respectively. Scale bars: 50 μm
(B, C) and 20 μm (D).
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44]. K44A Dyn2-Ruby was not recruited to Notch1GFP clusters, instead
it abolished internalisation of Notch1–GFP clusters from the cell surface
(Fig. 2B arrows; Supplementary Movie 5). To more speciﬁcally inhibit
CME,we used the C-terminal portion of Snap91 that sequesters clathrin,
impeding its recruitment to coated pits [45,46]. We made a Snap91C-
Ruby fusion protein, and conﬁrmed that it inhibited the uptake of
ﬂuorescently-labelled transferrin (not shown). In co-culture experi-
ments, Snap91C-Ruby expression did not interfere with the formation
of Notch1–GFP clusters on the cell surface. Like K44A dynamin2,
Snap91C-Ruby inhibited subsequent internalisation of Notch1–GFPclusters (Fig. 2C arrows; Supplementary Movie 6). These data indi-
cate that ligand-induced internalisation of Notch1 clusters from the
cell membrane is dependent on dynamin- and clathrin-mediated
endocytosis.
3.3. Notch1 internalisation is not dependent on ligand-induced cleavage of
the receptor
The Notch1 heterodimer is the major species found on the plasma
membrane and is responsible for signal transduction [3,4,6]. This het-
erodimer consists of the EC and TMIC domains. It undergoes ligand-
Fig. 2. Ligand-induced Notch1 internalisation occurs via clathrin-mediated endocytosis. (A) Frames from live-cell imaging of Dyn2-Ruby transfected N1GFP cells upon addition of Jag1-
expressing cells (SupplementaryMovie 2). Dyn2-Ruby is recruited to clusters of Notch1–GFP induced by ligand (arrows). (B) Jag1 cell co-culture and live-cell imaging of K44ADyn2-Ruby
transfected N1GFP cells (Supplementary Movie 5). In K44A Dyn2-Ruby expressing cells, clusters of Notch1GFP form upon contact with Jag1 cells but are not internalised (arrows).
(C) Frames from live-cell imaging of Snap91C-Ruby transfected N1GFP cells upon addition of Jag1-expressing cells (Supplementary Movie 6). In the presence of Snap91C-Ruby, Notch1
clusters on the cell surface upon contact with Jag1 cells but is not internalised (arrows). Time since the start of imaging is indicated. Scale bars: 20 μm.
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cleavage by the γ-secretase complex, releasing NICD [7,8,10–13]. To
determine if inhibiting ligand-induced cleavage affects Notch1 inter-
nalisation, we ﬁrst tested if addition of ligand cells caused a loss of
surface Notch1 when S2-cleavage is prevented. We biotinylated N1HA
cells following co-culture with Jag1 cells in the presence or absence
of batimastat, a metalloprotease inhibitor that prevents S2-cleavage
of Notch [9,11]. Treatment with batimastat had no effect on ligand-
induced loss of Notch1 from the surface (Fig. 3A, B). This is despite
the fact that γ-secretase cleavage of Notch1, as detected by cleaved
Notch1 immunoblot, was abolished in the presence of batimastat
(Fig. 3A). Secondly, we examinedNotch1 internalisation in the presence
of batimastat by live-cell imaging of N1GFP and Jag1 co-cultures. Clus-
tering and internalisation of Notch1 were still evident in the presence
of batimastat (Fig. 3C arrows; Supplementary Movie 7). This indicates
that Adam10 and γ-secretase cleavage is not required for ligand-
induced Notch1 endocytosis. Moreover, we can infer that it is the
TMIC form of Notch1 that is endocytosed, because batimastat inhibits
its cleavage to other Notch1 forms and full-length Notch1 (unprocessed)
is not found on the cell surface in signiﬁcant amounts (see Fig. 7E)
[4,5,39].
Previouswork indicates that ubiquitylation of amembrane proximal
lysine residue (K1749) precedes and may be necessary for subsequentNotch1 endocytosis [31]. To test if K1749 was important for the
ligand-induced endocytosis, we generated a stable K1749R Notch1–
GFP C2C12 cell line. Upon co-culture with Jag1 cells, K1749R Notch1–
GFP clustered normally on the membrane in contact with Jag1 cells.
Surprisingly, clustered K1749R Notch1–GFP was also internalised nor-
mally in response to ligand (Fig. 3D arrows; Supplementary Movie 8).
Thus ligand-induced Notch1 endocytosis is not dependent on K1749.
These ﬁndings indicate that ligand-induced endocytosis of Notch1
occurs in the absence of both S2-cleavage and K1749 ubiquitylation.
3.4. Ligand is transendocytosed with Notch1 clusters into the
Notch1-expressing signal-receiving cell
Transendocytosis of Notch EC from Notch-expressing cells into
ligand-expressing cells correlates with signal transduction [9,21]. This
observation and others suggest a model where ligand binding leads
to the endocytosis of ligand and Notch EC into the ligand-presenting
cell. This transendocytosis of Notch EC supplies a force that allows S2-
cleavage and separation of the Notch heterodimer (EC and TMIC
domains) [9,21,22,24,25]. Notch1 endocytosed in response to ligand is
therefore expected to have lost the EC domain. To test this, we live-
cell imaged N1GFP and Jag1 co-cultures until ligand-induced Notch1–
GFP endocytosis occurred, then ﬁxed the co-culture and performed
Fig. 3.Notch1 heterodimer is endocytosed in response to ligand. (A) Detection of cell surface Notch1with Jag1 cell co-culture in the presence of batimastat. N1HA cells were treatedwith
batimastat for 1 h, co-cultured with Jag1 cells for the indicated times before biotinylation of cell surface proteins. Surface proteins were pulled down with streptavidin beads and
immunoblotted to detect Notch1 (anti-HA). Lysates were also immunoblotted to detect cleaved Notch1 and β-tubulin. (B) Quantiﬁcation of cell surface Notch1 levels shown in A.
Ratio of cell surface Notch1 levels upon Jag1 co-culture over time normalised to time 0. Error bars represent s.e.m. from 3 independent experiments. Batimastat treatment had no signif-
icant effect on surfaceNotch levels. (C) Frames from live-cell imaging of batimastat-treatedN1GFP cells upon Jag1 cell co-culture (SupplementaryMovie 7). Endocytosis of Notch1 clusters
still occurs in the presence of batimastat (arrows). (D) Frames from live-cell imaging of K1749R-mutated N1GFP cells co-cultured with Jag1 cells (Supplementary Movie 8). K1749R
Notch1-positive vesicles trafﬁc normally to a perinuclear location (arrows). Time since the start of imaging is indicated. Scale bars: 20 μm.
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demonstrated the speciﬁcity of the HMN1-12 antibody using Notch1
null mouse tissue (see Fig. 5C). Notch1 EC was detected in endocytosed
Notch1–GFP containing vesicles (Fig. 4A arrows; Supplementary Movie
9). Given that endocytosed Notch1 vesicles harbour the EC domain,
we next determined if ligand was also present in these vesicles.
We co-culturedN1GFP cellswith Jag1 cells for 30min and then detected
Notch1 and Jag1. Jag1 co-localised with Notch1 in N1GFP cells (Fig. 4B),
suggesting that Jag1 was internalised with Notch1 into the Notch
expressing, signal-receiving cell. To conﬁrm that this was due to
internalisation, we ﬁrst analysed N1GFP and Jag1 co-cultures that
were ﬁxed and stained following live-cell imaging. Jag1, detected with
the anti-myc antibody, was found in Notch1-containing vesicles that
had been endocytosed from the cell surface by live-cell imaging
(Fig. 4C arrows; SupplementaryMovie 10). Secondly, in antibody uptake
assays, Jag1 found in N1HA cells co-localised with internalised Notch1
(Fig. 4D arrows). This indicates that Jag1 had been transendocytosed
into the Notch1-expressing cell. Thus interaction between Notch recep-
tor and ligand can result in their endocytosis into the Notch-expressingcell, and this process is clearly distinct from Notch EC transendocytosis
into the ligand-presenting cell.
3.5. Notch1 and Dll1 are endocytosed together in vivo
During somitogenesis, the expression domains of Dll1 and Notch1
are adjacent but overlap slightly at the rostral end of the presomitic
mesoderm (PSM) in the forming somite [39]. We previously detected
Dll1 on the surface of live PSM in the E9.5 mouse embryo using an anti-
body against an extracellular epitope of Dll1 (1F9) [38,39].We used this
technique to determine the relative surface expression of Notch1 and
Dll1 in the PSM. Consistent with previous results, incubation with the
Dll1 EC antibody at 4 °C in non-permeabilised conditions revealed
a characteristic plasma membrane staining pattern in cells of the PSM
(Fig. 5A) [39]. By contrast, using the HMN1-12 antibody to detect
Notch1 EC we did not observe Notch1 surface staining (Fig. 5A). This
is despiteHMN1-12 clearly detectingNotch1 in ﬁxed and permeabilised
embryos in a pattern matching the expression domain of Notch1 in
rostral PSM and nascent somites (Fig. 5B,C) [39,48]. Thus in contrast
Fig. 4. DSL ligand is transendocytosed into Notch1-expressing cell. (A) Top panels: Frames from live-cell imaging of N1GFP cells co-cultured with Jag1 cells (Supplementary Movie 9).
Arrows indicate the trafﬁcking of a Notch1 vesicle. Bottom panels: Following internalisation of Notch1 clusters, cells were ﬁxed and stained to detect Notch1 EC (red). Endocytosed
Notch1 clusters contain Notch1 EC (arrows). (B) Detection of Jagged1 (anti-myc) following 30 min co-culture of N1GFP cells with Jag1 cells. (C) Internalised Notch1 clusters contain
transendocytosed Jagged1. Top panels: Frames from live-cell imaging of N1GFP cells co-cultured with Jag1 cells (Supplementary Movie 10). Lower right panel is an enlargement of the
boxed area. Arrows indicate endocytosed Notch1 vesicles just prior to ﬁxation. Bottom panels: Following internalisation of Notch1 clusters, cells were ﬁxed and stained to detect Jagged1
(anti-myc). Vesicles containing endocytosed Notch1 are Jagged1-positive (arrows). (D) Transendocytosed Jagged1 is found with endocytosed Notch1. Surface Notch1 on N1HA cells was
labelled with anti-Notch1 EC antibody. Labelled cells were co-culturedwith Jag1 cells for 30min. Residual surface Notch1was detected with anti-armenian hamster Alexa-488 (green) in
live cells. Cellswere thenﬁxed and permeabilised for detection of totalNotch1 (red) and Jagged1 (blue)with anti-armenian hamster RRX and anti-myc/antimouse Alexa 647, respectively.
Magenta indicates co-localisation of Jagged1 with internalised Notch1 (arrows). Time since the start of imaging is indicated. Scale bars: 20 μm (A–C) and 10 μm (D).
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levels in vivo. We reasoned that cell surface Notch1 is undetectable
because it undergoes robust internalisation in the embryo. To detect
internalisation of Notch1 and Dll1, we incubated vibratome sections of
E9.5 embryonic tails with antibodies to Dll1 and Notch1 EC at 37 °C
for 30min prior to ﬁxation. At 37 °C, punctate intracellular Notch1 reac-
tivity was evident that we interpret as endocytosed Notch1 (Fig. 5D).
This staining was restricted to the Notch1 expression domain. Under
these conditions, cell surface Notch1 was still not evident. 1F9 staining
at 37 °C revealed Dll1 both on the cell surface, aswell as in puncta indic-
ative of internalisation (Fig. 5D). Where their expression overlapped,
Notch1 and Dll1 were present in the same punctate structures (Fig. 5D
arrows). Thus Notch1 and Dll1 are endocytosed into the same vesicles
during somitogenesis in vivo. This is the ﬁrst demonstration in mam-
mals that Notch1 and Dll1 are endocytosed together in vivo.3.6. Internalised Notch1 vesicles induced by ligand are SARA-positive
We next characterised the Notch1 vesicles formed in response to
ligand binding. Many of these vesicles trafﬁcked to a perinuclear region.
Live-cell imaging of N1GFP cells transfected with a Golgi-localised
mRuby construct upon co-culture with Jag1 cells conﬁrmed that
these vesicles trafﬁcked to the Golgi apparatus (Fig. 6A arrows; Supple-
mentary Movie 11). To determine the identity of endocytosed Notch1
vesicles, we stained N1GFP and Jag1 co-cultures with markers of early
endosomes. Vesicles containing Jag1 and Notch1 were negative for
Rab5 and EEA1 (Fig. 6B,C). Studies in Drosophila sensory organ precur-
sor cells (SOPs) found that Notch andDelta are in SARA-positive vesicles
[49]. Such vesicles are asymmetrically inherited by one daughter cell
following cell division, and are responsible for Notch signalling in that
daughter cell [49]. We fused human SARA to mRuby and examined if
Fig. 5.Notch1 and Dll1 are endocytosed together in themouse embryo. (A) Notch1 is not found on the surface of PSM cells. Vibratome section of E9.5 mouse embryo tail incubated at 4 °C
for 30minwith anti-Dll1 EC (green) and anti-Notch1 EC (red). (B)Vibratome section of E9.5mouse embryo tailﬁxed, permeabilised and stainedwith anti-Dll1 EC (green) and anti-Notch1
EC (red). (C) Wholemount detection of Notch1 EC in wildtype but not Notch1 null E9.5 mouse embryos using the HMN1-12 antibody. Images are maximum intensity projections of 47
slices covering distance of 154 μm. (D) Internalisation of Dll1 (green) and Notch1 (red) antibodies at 37 °C for 30 min into rostral PSM cells of the E9.5 mouse embryo. Dll1 and
Notch1 are internalised into the same vesicles (arrows). Scale bars: 50 μm (A, B, D) and 100 μm (C).
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Ruby transfected N1GFP cells were co-cultured with Jag1 cells and
imaged. Jag1-induced Notch1–GFP vesicles were also SARA-positive as
they trafﬁcked towards the Golgi (Fig. 6D arrows; Supplementary
Movie 12). Thus in mammalian cell culture and Drosophila SOPs SARA-
positive endosomes contain Notch ligand and receptor. These vesicles
in Drosophila SOPs contribute to Notch signal transduction, and this
may also be the case in mammals.
3.7. Endocytosis is required for ligand-induced Notch1 signalling
Studies using temperature sensitive dynamin mutants in Drosophila
infer that endocytosis is required in the signal-receiving cell [2]. How-
ever, while mutation of some endocytic genes inhibits Notch signalling,
mutation of others enhance it [50–52]. Mammalian cell culture, mostly
using constitutively active Notch1, has also yielded conﬂicting results
[30,31,53–55]. Given our ﬁnding that ligand causes Notch1 endocytosis,
we asked if inhibiting endocytosis affects ligand-induced Notch1 signal-
ling. Endocytosis can be inhibitedwith a smallmolecule dynamin inhib-
itor, dynasore [56]. However, since endocytosis in the signal-sending
cell is required for Notch signalling [2,9,21] we devised a way of
presenting ligand to Notch expressing cells without using co-culture.
We coated beads with soluble ligand and added these to Notch1-
expressing cells. Firstly, we used live-cell imaging to examine the ability
of ligand-coated beads to induce Notch1 clustering and internalisation
in N1GFP cells. Notch1 clustered around Dll1-Fc and Jag1-Fc coated
beads in contact with N1GFP cells. Clusters of Notch1 were also
internalised from sites in contact with Dll1-Fc beads, although at a
reduced rate compared with ligand-expressing co-cultures (Fig. 7A
arrows; Supplementary Movie 13). This suggests that contact with
immobilised soluble Dll1 can cause the endocytosis of Notch1 clusters.
Secondly, we performed an antibody uptake assay that conﬁrmed that
dynasore treatment inhibited the endocytosis of Notch1 (Fig. 7B).Finally, we added beads coated with Jag-Fc, Dll1-Fc or Fc alone to cul-
tures of N1HA cells in the presence of dynasore or vehicle to assess
the relative amount of Notch1 signalling. Cells were mixed with beads
for 90 min, harvested and immunoblotted to detect cleaved Notch1.
Jag1-Fc- or Dll1-Fc-coated beads induced robust Notch1 signalling, as
measured by cleaved Notch1 immunoblot, in the presence of vehicle
when compared with Fc-coated beads (Fig. 7C, D). By contrast, in the
presence of dynasore, Jag1- and Dll1-coated beads failed to induce
Notch1 signalling (Fig. 7C, D). This is consistent with the ﬁndings of
[55] and indicates that dynamin activity is required in the Notch1-
expressing cell for signalling to occur. Dynasore treatment did not affect
the levels of Notch1 on the cell surface at steady state (Fig. 7E), suggest-
ing that thematuration and trafﬁcking of Notch1 to the surfacewere not
overtly disrupted by dynamin inhibition. These data indicate that
dynamin function is required in the Notch-expressing cell for ligand-
induced Notch1 signalling to occur.
4. Discussion
Many studies in Drosophila and vertebrates demonstrate a require-
ment for endocytosis in Notch signal transduction. By contrast, the
role of Notch receptor endocytosis into the Notch-expressing cell in sig-
nalling is controversial [28]. In the absence of ligand binding, Notch1
undergoes endocytosis followed by recycling to the membrane or deg-
radation [33,34]. Constitutively active Notch1 lackingmost of the extra-
cellular domain (Notch1ΔE) is also endocytosed, but reports differ as to
whether endocytosis is required for γ-secretase cleavage and signalling
[30,31]. Here we have shown for the ﬁrst time inmammals that Notch1
is internalised in response to ligand binding. We show that ligand-
induced Notch1 internalisation occurs via clathrin-mediated endocyto-
sis and that Notch1 is endocytosed into SARA-positive vesicles. More-
over we show that ligand is transendocytosed with Notch1 into the
signal-receiving, Notch1-expressing cell. Importantly, we ﬁnd that
Fig. 6. Characterisation of Notch1 vesicles induced by ligand. (A) Jag1 cell co-culture and live-cell imaging of Golgi-Ruby transfectedN1GFP cells (SupplementaryMovie 11). ManyNotch1
vesicles induced by ligand trafﬁc to the Golgi complex (arrows). (B) N1HA cells co-cultured with Jag1 cells for 30 min were stained to detect Jagged1 (anti-myc, red) and Rab5 (green).
(C) N1HA cells co-culturedwith Jag1 cells for 30minwere stained to detect Jagged1 (anti-myc, red) and EEA1 (green). (D) Frames from live-cell imaging of SARA-Ruby transfectedN1GFP
cells co-cultured with Jag1 cells (Supplementary Movie 12). Notch1 vesicles induced by ligand are SARA-positive (arrows). Time since the start of imaging is indicated. Scale bars: 20 μm
(A–C) and 10 μm (D).
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Notch-expressing cell.
Notch clustering on the surface occurs in response to ligand binding
[9,40,41]. We show for the ﬁrst time in mammals that ligand binding
also causes Notch1 endocytosis from these clustering sites. InDrosophila,
Notch internalisation likely requires clathrin as mutants affecting early
events in endocytosis exhibit reduced Notch signalling [50,52]. Here
we show that Notch1 internalisation induced by ligand does indeed
occur via CME because internalisation is inhibited by dominant negative
forms of dynamin2 and Snap91-C. Consistent with this, dynamin2 is
recruited to sites of Notch1 cluster internalisation. In the absence of
ligand binding, CME is responsible for the endocytosis of constitutively
active Notch1 (Notch1 ΔE) and Notch1 heterodimer [30,31,33,34].
Thus with or without ligand binding, Notch1 endocytosis depends on
clathrin. Previous studies implicate K1749 in the ubiquitylation, endocy-
tosis and activation of Notch1 ΔE [31]. However, mutation of this lysine
to arginine in vitro shifts the position of γ-secretase cleavage, gener-
ating an unstable N1IC that may account for loss of signalling [53].We found that in the context of the full receptor, the K1749R muta-
tion did not alter ligand-dependent endocytosis or trafﬁcking. Thus
ligand binding may cause endocytosis of heterodimeric receptor via
a distinct clathrin-dependent mechanism that does not rely on
K1749 ubiquitylation.
A key question is what form of Notch1 is internalised in response
to ligand. We observed that Notch1 internalisation proceeded in the
presence of the metalloprotease inhibitor, indicating that either the
intact heterodimer or the TMIC form of Notch1 was internalised. Our
observation that Notch1 EC domain was also internalised infers that it
is the intact heterodimer that is being endocytosed. However, our data
does not exclude the possibility that endocytosis of transmembrane
TMIC and NEXT forms of Notch1 also occurs in response to ligand
binding. Surprisingly, we also found that Jagged1 was taken up into
endocytosed vesicles with the Notch1 heterodimer, indicating that the
entire ligand:receptor complex is endocytosed into Notch-expressing
cells. Importantly, we conﬁrm this in the mouse embryo with the ﬁnd-
ing that Notch1 EC, as well as the Dll1 ligand, are endocytosed into the
Fig. 7. Ligand activation of Notch1 requires dynamin function in the signalling cell. (A) Frames from live-cell imaging of N1GFP cells in thepresence of Dll1-Fc coated beads (Supplementary
Movie 13). An example of internalisation and trafﬁcking of Notch1–GFP from Dll1-Fc beads is indicated by arrows. (B) Notch1 antibody uptake assay in the presence of vehicle (DMSO) or
dynasore. Internalised Notch1 and surface Notch1 are indicated by arrows and arrowheads, respectively. (C) Ligand-induced Notch signalling in the presence of dynamin inhibitor dynasore.
N1HA cells were exposed to Fc, Dll1-Fc or Jag1-Fc coated beads in the presence of dynasore (+) or DMSO (−). After 90 min culture cleaved Notch1 was detected by immunoblot.
(D) Quantiﬁcation of cleaved Notch1 normalised to β-tubulin expression. Error bars represent s.e.m. from 3 independent experiments. Dynasore signiﬁcantly reduced cleaved Notch1
induced by Dll1-Fc beads (*, P = 0.0274) or Jag1-Fc Beads (**, P = 0.0078). (E) Dynasore treatment does not affect the levels of Notch1 on the cell surface (arrow). Lysates (input)
and Streptavidin pulldown (SAV) of N1HA cells treated with DMSO or dynasore for 1 h. Heterodimeric Notch1 (arrow) is found on the cell surface while full-length Notch1 (unprocessed,
arrowhead) is not. Scale bars: 20 μm (A, B).
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where Notch and its ligands are found together in vesicles [41,49,
57,58]. The Delta:Notch interaction is strengthened at lower pH,
which may explain why Notch and its ligands remain together in
endosomes [59]. This observation is also consistent with Notch1 EC
being transendocytosed with Dll1 into Dll1-expressing cells in culture
[9]. Surprisingly, we alsoﬁnd that in the embryoNotch1 is not apprecia-
bly on the surface of PSM cells undergoing Notch1 signalling. This sug-
gests that a limited supply of Notch1 is available for signal transduction
at any given time. Our data points to exquisite control of surface Notch1
levels in cells undergoing signalling in vivo, presumably due to the bal-
ance of Notch1 maturation and trafﬁcking with endocytosis and signal
transduction associated cleavages.
Although the signiﬁcance of ligand transendocytosis in combination
with receptor endocytosis is currently unclear some hints come from
Drosophila studies of SOP asymmetric cell division. SARA-positive vesi-
cles containing Delta and Notch are inherited by the pIIa daughter cell
following asymmetric cell division of the SOP [49]. SARA is a component
of the TGFβ signalling pathway where it functions to bring Smad2 and
Smad3 in contact with the TGFβ receptor complex [37]. Like other
FYVE domain containing proteins, SARA is involved in endosome traf-
ﬁcking through interactions with phosphatidylinositol 3-phosphate
and Rab5 [60,61]. We ﬁnd that ligand-induced Notch1 vesicles containligand and are also SARA-positive, a situation strikingly similar to that
in the Drosophila pIIa cell. A chimaera between CD8 and Notch1 ΔE,
which cannot bind ligand, did not co-localisewith SARA [54]. Consistent
with this, we only observed co-localisation between Notch1–GFP and
SARA in vesicles induced by ligand. Thus Notch1 internalised in re-
sponse to ligand may be speciﬁcally endocytosed into SARA-positive
vesicles while constitutive endocytosis of Notch1 may be independent
of SARA. Although SARA and EEA1 are found in similar locations, we
were not able to detect EEA1 in ligand-induced Jag1/Notch1 vesicles.
This may reﬂect data showing that the endosomal staining pattern of
SARA overlaps with that of EEA1 but is not identical to it [60,61]. Thus
ligand may induce the endocytosis of Notch1 into vesicles positive for
SARA but not EEA1. It will be interesting to determine if EEA1 and
SARA speciﬁcally mark ligand-independent- and ligand-dependent
Notch1 endocytosis events, respectively.
Asymmetric inheritance of SARA endosomes is partly responsible for
biasing Notch signalling to the pIIa cell and establishing a distinct cell
fate [49]. Notch signalling in the pIIa cell appears to be initiated from
SARA-positive endosomes that also harbour Delta [49]. It is possible
that Notch1 could also signal from SARA-positive endosomes in mam-
malian cells that form in response to ligand binding. It is not clear how
signalling from Notch in SARA-positive vesicles would occur given
that S2-cleavage of constitutively active Notch1 occurs at or near the
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Notch1, which involves only Adam10 [10,11] occurs in endosomes
while constitutively active Notch1 is cleaved by Adam17 at the
cell surface. Indeed, another Adam10 substrate CD23 appears to be
cleaved by Adam10 in endosomes [62]. Another possibility is that
Notch1 clustered on the cell surface by ligand is endocytosed into
individual endosomes as a mix of heterodimeric and S2-cleaved
(NEXT) forms and that endocytosis is required for NEXT formation
or for its subsequent signalling.
Our observation of Notch heterodimer endocytosis into the Notch-
expressing cell is clearly distinct from Notch EC transendocytosis into
the ligand-expressing cell described by others [9,21]. Although we
found that ligand cells could take up surface Notch1 EC, such cells
were rare and their uptake of Notch1 minimal. This might be because
we and others used distinct cell types that may have different propensi-
ties for transendocytosis and endocytosis of ligand and receptor [9].
Since there is good evidence for ligand and receptor endocytosis into
both ligand-expressing and receptor-expressing cells, it is likely that
both occur. Moreover, the propensity for one over the other is likely to
depend on context, and may allow for greater diversity of function.
The current model of Notch signalling predicts that ligand endocytosis
exerts a force to expose the S2-cleavage site of the receptor [9,21,23,
24]. We ﬁnd that Notch receptor endocytosis occurs in response to
ligand cell addition, and that inhibition of receptor endocytosis prevents
ligand-dependent Notch signalling. Our ﬁndings are consistent with
a model where receptor endocytosis also contributes a mechanical
force capable of exposing the S2-cleavage site and initiating signal
transduction. This would allow signalling to occur when ligand is
endocytosed poorly, for example if ligand cells lackedMib or Neur ubiq-
uitin ligase expression. In such situations receptor endocytosis would
predominate, providing the necessary separating force in the absence
ligand endocytosis. Such amodel also explainswhy immobilised ligand,
that cannot provide a force, is capable of inducing Notch signalling
(Fig. 6C, D) [63].
Observations by others suggest that endocytosis is required for
γ-secretase cleavage to occur in endosomes or lysosomes. A truncated
form of Notch1 (Notch1 ΔE) is endocytosed although it is not clear if
endocytosis of Notch1 ΔE is required for its γ-secretase cleavage and
signalling [30,31]. Other studies indicate that γ-secretase cleavage
occurs on the cell surface [30,32,64,65]. γ-Secretase inhibition causes
constitutive active Notch1 to accumulate on the cell surface [54].
However, work in Drosophila indicates that endosome acidiﬁcation is
important for signalling as well as for the lysosomal degradation of
Notch [50,66,67]. γ-Secretase is more active at lower pH [68–70] and
has been identiﬁed in lysosomes [71]. In mouse retinal astrocytes,
reduced vacuolar-type proton ATPase activity impairs endolysosomal
acidiﬁcation, which in turn inhibits γ-secretase cleavage of Notch1
[72]. Such ﬁndings provide good evidence that γ-secretase cleavage of
Notch1 occurs in the late endocytic compartment in vivo. Thus receptor
endocytosis may be required at two levels to 1) provide force allowing
S2-cleavage, and to 2) place Notch in the appropriate endosomes for
S3-cleavage to occur.
In conclusion we demonstrate that in response to ligand, Notch1
clusters on the surface and is internalised. This internalisation includes
the entire Notch receptor:ligand complex and depends on clathrin and
dynamin. We ﬁnd that, as observed in Drosophila, receptor endocytosis
inmammals is an important factor in Notch signal transduction. Further
comparisons of ligand-induced and constitutive Notch endocytosis are
likely to shed light on how endocytosis affects Notch signalling. Our
ﬁndings extend the current understanding of the role of endocytosis
in Notch signalling in mouse and Drosophila, demonstrate a remarkable
conservation of process across some 570 million years and help to
resolve conﬂicting issues as to the importance of receptor endocytosis
in Notch signal transduction.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamcr.2015.10.021.Transparency document
The Transparency document associated with this article can be
found, in online version.
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